Marine environmental conditions are naturally changing throughout the year, affecting life cycles of hosts as well as parasites. In particular, water temperature is positively correlated with the development of many parasites and pathogenic bacteria, increasing the risk of infection and diseases during summer. Interannual temperature fluctuations are likely to alter host-parasite interactions, which may result in profound impacts on sensitive ecosystems. In this context we investigated the parasite and bacterial Vibrionaceae communities of four common small fish species (three-spined stickleback Gasterosteus aculeatus, Atlantic herring Clupea harengus, European sprat Sprattus sprattus and lesser sand eel Ammodytes tobianus) in the Northern Wadden Sea over a period of two years. Overall, we found significantly increased relative diversities of infectious species at higher temperature differentials. On the taxon-specific level some macroparasite species (trematodes, nematodes) showed a shift in infection peaks that followed the water temperatures of preceding months, whereas other parasite groups showed no effects of temperature differentials on infection parameters. Our results show that even subtle changes in seasonal temperatures may shift and modify the phenology of parasites as well as opportunistic pathogens that can have far reaching consequences for sensitive ecosystems.
Introduction
Parasites play an intrinsic but hidden role in marine ecosystems (Mouritsen and Poulin, 2002) . However, little is known about how parasites are influenced by changing environments. As environmental conditions alter, shifts in host-parasite interactions are likely to occur. These changes could affect parasites in a direct or indirect way by influencing their free-living infective stages or their host range. Hence, environmental changes can result in gain or loss of parasite species as well as in increased or decreased host susceptibility (Lafferty, 1997; Lafferty et al., 2004) . In particular, temperature will drive future ecological changes in marine ecosystems (Harley et al., 2006) . The mean water temperature and extreme events, e.g. heat waves, are predicted to increase in the nearer future (Schär et al., 2004; Murray and Ebi, 2012) and are supposed to affect the temperature-dependent development of many parasites and pathogenic bacteria (Harvell et al., 2002) . Especially many bacterial disease agents thrive in warmer waters by speeding up their biochemical reactions, which result in faster development and increased transmission stages per generation (Pounds et al., 2006; Lafferty, 2009 ). This can lead to higher parasite fitness and increased disease outbreaks during summer months (Karvonen et al., 2010) . In the case of macroparasites, such as trematodes, it has been shown that elevated water temperatures may be beneficial, e.g. by extending the transmission periods or enhancing host penetration (Sankurathri and Holmes, 1976; Paull et al., 2012) . On the other hand a subset of pathogenic bacteria and parasites might decline with warming, depending on their own thermal tolerance (Karvonen et al., 2010) . Unfortunately, long-term developments of parasite fauna are largely unexplored in changing coastal ecosystems.
A highly dynamic coastal ecosystem of global importance is the European Wadden Sea (Vanbeek et al., 1989) . As an essential nursery ground for many fish species, altered host-parasite-interactions may have profound consequences for this sensitive ecosystem. In the past, most parasitological studies in the Wadden Sea focussed on invertebrates (Lauckner, 1971; Thieltges, 2006; Thieltges et al., 2013) or on commercially important fish species like flatfishes or gadoids (Hilger et al., 1991; Moller and Anders, 1992) . In contrast, macroparasite communities of small-sized fish were only rarely considered (Groenewold et al., 1996; Zander, 2005) . Nevertheless, macroparasites often utilize small fish as intermediate host and these fishes play an important role in the food web of the Wadden Sea by transmitting parasite to predacious fish and seabirds (Kühl and Kuipers, 1983) .
In order to deepen our understanding of seasonal infection patterns of macroparasites, we investigated the parasite community of four common small fish species (three-spined stickleback Gasterosteus aculeatus, Atlantic herring Clupea harengus, European sprat Sprattus sprattus and lesser sand eel Ammodytes tobianus) in the Northern Wadden Sea over a period of two years and related our findings to water temperature, as a potential driver of infection patterns (Fig. 1) . Knowledge on potential bacterial pathogens (microparasites) in Wadden Sea fish is even scarcer (Wegner et al., 2012; Thieltges et al., 2013) . Therefore, we also included potentially pathogenic bacteria of the family Vibrionaceae into our survey. Vibrionaceae include many facultative symbionts and pathogenic strains (Austin and Austin, 2007) that are strongly associated with warmer water temperatures and immune-compromised hosts (Vezzulli et al., 2010; Baker-Austin et al., 2013) .
The combination of parasite prevalence, mean intensity and diversity of macro-and potential microparasitic infections in relation to water temperature, as one of the main drivers of epidemiological patterns in aquatic habitats, will help to clarify how environmental change might impact host-parasite interactions in the Wadden Sea ecosystem.
Material and methods

Sampling and macroparasite screening
Four common fish species (three-spined stickleback Gasterosteus aculeatus, Atlantic herring Clupea harengus, European sprat Sprattus sprattus and lesser sand eel Ammodytes tobianus) from the Sylt-Rømø-Bight, North Sea, Germany were chosen as representatives to investigate the parasite community of small fish in the Northern Wadden Sea, Germany. Using a seasonal sampling scheme, 12 fish per species (n total = 308) were caught during eight different cruises with the RV "Mya" between 2011 and 2012 (Table 1) . After sampling, Atlantic herring and European sprat were investigated immediately. Three-spined stickleback and lesser sand eel were kept separately in 20l aquaria at a water temperature corresponding to prevalent sampling conditions for maximum 48 h before investigation. This short fish keeping period might have led to the transmission or loss of ectoparasites or bacteria that could potentially bias our estimates of prevalence and diversity. This will however only affect a few species of macroparasites and is unlikely to influence our estimates of bacterial diversity that did not rely on quantitative assessment.
For parasite screening narcotized fish were measured (total length 0.1 cm) and weighed (0.01 g) and body, fins and gills were screened for ectoparasites. The fish was killed by an overdose of MS-222 and afterwards dissected and screened for endoparasites under a stereomicroscope. A trichinae press was used to detect cysts and parasites in heart, liver, intestines and gills. Macroparasites were photographed under a stereomicroscope for morphological identification and stored in ethanol for molecular species identification.
Vibrionaceae isolation and identification
To isolate Vibrionaceae species, fish liver, intestine, gills and blood were plated out on selective medium (TCBS agar, Sigma-Aldrich, Steinheim) and incubated at 25°C for 24 h. A subsample of bacterial colonies was suspended in 2 ml growth medium and incubated at 25°C and with 300 U/min for 24 h. Vibrionaceae identification was performed by amplifying the 16S rRNA region using PCR universal eubacterial primers 16S-27f and 16S-1392r (Lane, 1991) . The 20 μl PCR mixture consisted of 10.75 μl ddH 2 O, 4 μl 5× Flexi Buffer, 1.2 μl MgCl 2 (25 mM), 1 μl dNTP (10 mM), 1 μl each forward and reverse primers (50 μM), 0.05 μl GoTaq DNA Polymerase (5 U/μl, all PCR chemicals from Promega, Mannheim) and 1 μl template DNA (bacterial liquid culture was heated to 95°C for 5 min, concentrations approximately 10-20 ng/μl). Thermal cycling included an initial denaturation step at 95°C for 5 min, followed by 30 cycles of 30 s at 95°C, 30 s at 55°C and 90 s at 72°C and a final extension step at 72°C for 10 min. Sequencing was performed by the institute of clinical molecular biology (IKMB University hospital Kiel).
Macroparasite identification
DNA from macroparasites was extracted using the DNAeasy Blood and Tissue Kit (Qiagen, Hilden) according to the manufacturer's protocol. DNA suspension was kept at −20°C until use. Molecular parasite identification was performed by amplifying the D2-D3 fragment of the 28S rDNA region of nematodes and trematodes using PCR primers D2A and D3B (De Ley et al., 2005) as well as the complete 18S rDNA of cestodes using PCR primers 18A1 and 1800 (Wollscheid and Wägele, 1999) .
The 28S PCR reaction was conducted in a final reaction volume of 20 μl containing 10 μl ddH 2 O, 2 μl 10× Buffer Y, 4 μl 5× Enhancer solution P (both PCR chemicals from Peqlab), 2 μl dNTP (10 mM), 0.2 μl each forward and reverse primers (20 μM), 0.1 μl Taq DNA Polymerase (5 U/μl, Peqlab) and 1.5 μl template DNA (approximately 5-10 ng/μl) using a thermocycler (Biometra) under the following conditions: initial denaturation at 95°C for 5 min, followed by 40 cycles of 30 s at 94°C, 1 min at 55°C and 2 min at 72°C and a final extension at 72°C for 10 min.
The 18S PCR reaction was conducted in a final reaction volume of 40 μl containing 25.5 μl ddH 2 O, 4 μl 10× Buffer, 4 μl 5× Enhancer solution P (both PCR chemicals from Peqlab), 4 μl dNTP (10mM), 0.2 μl each forward and reverse primers (50 μM), 0.1 μl DNA Polymerase (5 U/μl, Peqlab) and 2 μl template DNA (approximately 5-10 ng/μl) using a thermocycler (Biometra, Göttingen, Germany) under the following conditions: initial denaturation at 94°C for 5 min, followed by 36 cycles of 45 s at 94°C, 50 s at 50°C and 200 s at 72°C and a final extension at 72°C for 10 min. Sequencing was performed by the institute of clinical molecular biology (IKMB University hospital Kiel).
Chromatograms of the 28S and 18S rDNA sequences were edited and assembled using the Sequencher 4.8 software. To identify macroparasite species, we compared edited sequences against published sequences in NCBI GenBank using the nucleotide BLASTn algorithm (Altschul et al., 1990) . A sequence similarity of 97% was selected as threshold for species identification. Parasites with no representative sequence in GenBank were morphologically identified. All sequences were deposited at GenBank with accession numbers KT767117-KT767180 (28S) and KT767111-KT767116 (18S).
Phylogenetic reconstruction and analyses
All chromatograms of the bacterial 16S rRNA sequences were edited and assembled using Sequencher 4.8 software. To identify closely phylogenetic relatives of isolated Vibrionaceae, we compared edited sequences against published sequences in NCBI GenBank using the BLASTn algorithm. We also included 23 reference strains that were accessed from NCBI GenBank (see Appendix A). Edited sequences and reference strains were aligned using the MUSCLE software (Edgar, 2004) and adjusted manually in AliView, version 1.15 (Larsson, 2014) . A phylogenetic maximum likelihood tree was constructed using MEGA, version 6.06 (Tamura et al., 2013) , based on distance matrices using the General Time Reversal model with γ-distributed rates and invariant sites (GTR + G + I) (Rodriguez et al., 1990) , following the best model fit suggested by jModelTest (Posada, 2008) . Statistical significance was accessed from 1000 non-parametric bootstrap replicates (Felsenstein, 1985) and tree topology was estimated using the most likely tree from maximum likelihood analysis. A radial cladogram was drawn using the interactive Tree of Life web service (http://itol. embl.de, Letunic and Bork, 2011) .
All sequences were deposited at GenBank with accession numbers KT582790-KT583112 (16S).
Data analyses
Prevalence (percentage of infected individuals in total sample) and mean intensity (mean number of parasites per infected hosts) of macroparasites from each fish species as well as for fish species separated by sampling season and year were calculated (Bush et al., 1997) . Differences in infection parameters between sampling periods were analyzed by generalized linear models (GLMs) using prevalence (family = binomial) and mean intensity (family = negative binomial) as dependent variables and fish species, sampling season and year as independent predictors as well as fish length and weight as covariates to control the influence of host size. We used individual fish as statistical units and applied multiple post-hoc tests to identify pairwise differences of significant seasonal and annual effects on infection parameters. Family wise error rates were controlled by Bonferroni correction (Miller, 1981) , adjusting the statistical significance level at P = 0.008 for seasonal effects (six multiple tests) and at P = 0.0125 for annual effects (four multiple tests).
Furthermore, we determined diversity indices (Holmes and Price, 1986) including total number of macroparasite species, parasitic burden, the Shannon-Wiener index (Hs) and species evenness (E) for each fish species as well as for fish species separated by sampling season and year. To describe the diversity of the Vibrionaceae community, we clustered all sequences into operational taxonomic units (OTU), based on 97% sequence similarity criteria, using uclust and calculated diversity indices analogous to macroparasite communities. OTUs were then transformed into a distance matrix based on unifrac distances (Lozupone and Knight, 2005) , incorporating phylogenetic and abundance information of Vibrionaceae OTUs. Community structure was analyzed by permutational multivariate analysis of variances (PERMANOVA) using the Adonis function of the vegan package (Oksanen et al., 2013) , partitioning variance between host species, sampling season and year.
To eliminate seasonal effects and relate year wise differences of the diversity of Vibrionaceae and macroparasite communities to different temperature regimes, we calculated temperature and diversity differentials among the years (2012-2011) and analyzed them by using GLMs (family = Gaussian) with relative Hs as a measure of diversity and with relative water temperature, fish species and parasite group as independent predictors. To account for different sampling dates between the years that potentially confound temperature differences with time, we repeated the statistical analyses for single sampling time points by using the differences of temperatures summed up over the 1-16 temperature measurements preceding the actual date of sampling (see Fig. 1 ). For each of these 16 temperature sums we calculated the same statistical model and evaluated over which time span integration gave the maximal explanatory value. Additionally, we calculated and analyzed prevalence and mean intensity differentials of macroparasite groups and investigated year wise differences (2012-2011) of infection parameters to different temperature regimes analogous to diversity differentials.
All GLM model effects were tested by analysis of deviance and we assumed deviance change to be approximately χ 2 distributed. All statistical analyses were carried out using R statistical package (R Core Team, 2014).
Results
Macroparasite community
In total, we detected 16 different macroparasite species from six phyla covering nematodes, acanthocephalans, monogeneans, digeneans, cestodes and parasitic copepods ( Table 2) . Some parasite species only occurred in a single host species, e.g. the copepod Lernaeenicus sprattae in European sprat or the acanthocephalan Acanthocephalus lucii in Atlantic herring, whereas others were present in several hosts. The digenean Brachyphallus crenatus, the nematode Hysterothylacium auctum and the copepode Caligus elongatus were the dominant parasites, reaching highest prevalence in sand eel (65.2%), sprat (43.5%) and stickleback (28.6%), respectively. The highest diversity was found in the parasite community of the three-spined stickleback consisting of 12 different macroparasite species, with all four cestode species occurring exclusively in this host (Tables 2, 3 ). The diversity of the parasite communities from Atlantic herring, European sprat and lesser sand eel ranged from five to seven different parasite species and showed diversity indices in the range from 1.46 to 1.67 (Table 3) .
Beside significant effects of host species on parasite prevalence (Fig. 2 , Table 4 ) and mean intensity ( Fig. 3 , Table 5 ), we found strong influences of sampling season on trematode and nematode infection parameters.
Trematodes followed the seasonal temperature course and occurred significantly more often in spring (55.3%) and summer (54.2%) than in autumn (29.8%) and winter (30.4%) (sp vs. au χ 2 1 = 2.73, P b 0.001, sp vs. wi χ 2 1 = 2.23, P = 0.002, su vs. au χ 2 1 = 2.42, P = 0.001, su vs. wi χ 2 1 = 1.98, P = 0.004). Highest mean intensity was detected in winter (4.8 ± 1.8), but significantly different mean intensities were only found between spring (3.8 ± 0.8) and autumn (2.5 ± 0.3) (sp vs. au χ 2 1 = 13.38, P b 0.001) and between summer (4.6 ± 0.9) and autumn (su vs. au χ 2 1 = 14.82, P b 0.001). Additionally, we found significant differences between sampling years on infection parameters of trematodes with increased prevalences in spring and autumn 2012 (Fig. 2, sp_11 vs. sp_12 χ 2 1 = 5.61, P b 0.001, au_11 vs. au_12 χ 2 1 = 2.27, P b 0.001) and increased mean intensities in spring 2012 (Fig. 3,  sp_11 vs. sp_12 χ 2 1 =30.38, P b 0.001) compared to 2011. In contrast to trematodes, nematodes were found significantly more often in winter (31.9%) compared to summer (12.5%) and autumn (6.4%) (wi vs. su χ 2 1 = 1.32, P = 0.005, wi vs. au χ 2 1 = 2.58, P b 0.001), whereas intensity was significantly higher in spring (5.4 ± 1.4) and winter (3.8 ± 1.0) compared to autumn (2.0 ± 0.7) (sp vs. au χ 2 1 = 12.20, P b 0.001, wi vs. au χ 2 1 = 20.81, P b 0.001). Nematode prevalence was also significantly affected by fish weight. Lighter fish, after controlling for species affiliation, were significantly more often infected with nematodes (Table 4) .
Cestodes and parasitic copepods were comparatively rare (Table 2) and we could not detect any seasonal or annual pattern, probably a result of low prevalence.
Vibrionaceae community
We found 20 OTUs representing 13 clearly identified species from the family Vibrionaceae in the organs of all four marine fish species (Fig. 4) . Seven species belonged to the genus Vibrio, three species to Aliivibrio, one species each to Listonella, Enterovibrio and Photobacterium. Due to the low phylogenetic resolution of the 16S rRNA gene marker it was not possible to identify closely related species within the Splendidus clade. Accordingly, most strains were assigned to the Splendidus clade (44.6%), followed by A. logei (13.6%) and V. tapetis with 9.9%, which were found in all four or at least three of the investigated fish species. The Vibrionaceae diversity differed significantly between fish species (Table 6 ). The highest diversity was found in Atlantic herring, comprising all 13 species and showing a diversity index (Hs) of 1.54, whereas the lowest diversity could be found in lesser sand eel with only 5 species and an Hs value of 1.23. In addition to differences between host species, we also found seasonal variation in the Vibrionaceae communities with the highest diversity in summer (Hs = 1.53), followed by autumn (Hs = 1.49), spring (Hs = 1.38) and winter (Hs = 1.16). Some Vibrionaceae species (V. breoganii, V. inusitatus and V. penaeicida) were exclusively detected in summer. Furthermore, the Vibrionaceae communities differed significantly between sampling years (Table 6) . 
Comparison of communities
In our two-year comparison we observed year-wise differences of water temperature and species diversity with significantly increased diversity differentials of infectious species at higher temperature differentials ( Fig. 5, Table 7 ). Furthermore, the diversity differential differed significantly between fish species (Table 7 ). In conclusion, the highest temperature and diversity difference could be seen in spring with an increased water temperature of 6.5°C corresponding to an increased macroparasite diversity of 1.29 in Atlantic herring in spring 2012 (Fig. 5) . By integrating over summed temperatures preceding the sampling dates we observed similar correlation coefficients (range: 0.403-0.487) as for the analysis only taking temperature at the day of sampling (r 2 = 0.452), indicating that the observed patterns hold when longer time periods were considered.
Next to increased diversity differentials we found increased prevalence differentials of some parasite groups at higher temperature differentials (Fig. 6, Table 8 ). The relative prevalence of nematodes (χ 2 1 = 460.2, P = 0.005) and trematodes (χ 2 1 = 10052.0, P = 0.026) followed the temperature differential between the years with highest prevalence differences in spring (Fig. 6) .
Even if we could not find overall relative temperature effects on parasite intensity differentials (Table 8) , post-hoc tests detected also increased relative intensities of trematodes (χ 2 1 = 21.3, P = 0.039) at relative higher temperatures (Fig. 7) .
Discussion
In this study we detected interannual variation in micro-and macroparasite communities that were correlating to short periods of increased water temperatures between years (Fig. 1) . Next to increased diversities of infectious species, we also observed a forward shift and extension in peak prevalence and mean intensity of macroparasites (trematodes) following warmer spring seasons. For nematodes, highest prevalence differences could be also found in spring, whereas other parasite groups showed no such correlation between temperatures and infection parameters.
Our results as well as previous studies (Groenewold et al., 1996; Zander, 2005) show that parasitism is common in the analyzed four small fish species of the Wadden Sea. In total, we detected 16 different macroparasite species from six different phyla. The highest diversity of macroparasites could be found in the three-spined stickleback, which stems from a mixture of marine and anadromous populations. Owing to its greater mobility in fresh-and seawater habitats, the parasite richness and the infection risk seems to be higher for anadromous species than for pure marine fish species.
The diversity of the parasite communities from Atlantic herring, European sprat and lesser sand eel ranged from five to seven different parasite species and showed diversity indices in the range from 1.46 to 1.67, which is considerably higher than previously reported diversities from the German Wadden Sea of 0.95 for European sprat and 0.20 for lesser sand eel (Groenewold et al., 1996) . In the past, many parasitological studies were exclusively based on morphological identification, but particularly nematodes or larval stages of parasites are difficult to identify at the species-level (Bhadury and Austen, 2010; Locke et al., 2010) . Molecular techniques, such as DNA barcoding (Hebert et al., 2003a; Hebert et al., 2003b) , can be powerful tools to distinguish between morphologically similar parasites at any stage in their live cycle (Moszczynska et al., 2009 ). Next to potential underestimation of diversity in early parasitological studies, higher diversities may be attributable to changed environmental conditions in the Wadden Sea, such as increased air and water temperatures or invasive species co-introducing new parasites and diseases to local populations (Reise and van Beusekom, 2008) .
We revealed significant correlations between temperature and trematode as well as nematode infection parameters. Trematodes showed increased prevalences and mean intensities in spring and summer, coinciding with previous results (Mouritsen, 2002; Poulin, 2006) . More interestingly, we detected increased prevalences in spring and autumn 2012 as well as increased mean intensities in spring 2012 in comparison with sampling in 2011. With a temperature increase of 6.5°C in spring and 2.5°C in autumn, both seasons were much warmer in 2012 (Fig. 1) . Particularly, warmer spring seasons may not only increase infectivity of trematodes, but also shift and extend the length of transmission periods (Sankurathri and Holmes, 1976; Thieltges and Rick, 2006) . On the other hand nematodes showed significantly decreased infection parameters in warmer seasons (summer, autumn), reflecting different phenologies in comparison to trematodes. Depending on their thermal tolerance some life cycles stages might be more susceptible to temperature changes than others (Harley et al., 2006; Lafferty, 2009; Karvonen et al., 2010) , indicating that effects of changing temperatures have to be investigated in a group or even in a species specific fashion. Additionally, we found a significant interaction of lower fish weight and increased parasite prevalence. Comparatively lighter fish were significantly more often infected with nematodes, reflecting previous results of a common carp fingerling (Boerlage et al., 2012) . This pattern might suggest that either the infection itself caused the weight loss by depleting energy resources of the host or smaller hosts were already immune-compromised leading to higher infections intensities.
Bacterial studies in the Wadden Sea have been mainly concentrated on oysters and mussels (Lhafi and Kuhne, 2007; Schets et al., 2010; Wendling et al., 2014) and to our knowledge only one study has yet been conducted on the bacterial symbionts of flatfish including potential microparasites (Wegner et al., 2012) . In our study, the Vibrionaceae communities of small-sized fish species were comparatively diverse with 20 different OTUs. The highest diversity of Vibrionaceae was found in Atlantic herring, suggesting that filter feeding is an effective way to accumulate Vibrionaceae strains from the water column in the Fig. 6 . Prevalence and temperature differentials of macroparasites separated by fish species and parasite groups. Solid lines represent significant relative temperature effect on relative parasite prevalence, whereas dashed lines represent non-significant relative temperature effect on relative parasite prevalence. Statistical significance level at P = 0.05. (2015) xxx-xxx body. In total, the Vibrionaceae communities were mostly dominated by species from the Splendidus clade. Particularly some strains of Vibrio splendidus are known to cause vibriosis in fish species, resulting in acute mortalities, particularly in summer months (Diggles et al., 2000; Jensen et al., 2003) . The occurrence of potentially pathogenic strains from the family Vibrionaceae is highly correlated with temperature, leading to increased virulence and the occurrence of emerging agents in warmer waters (Thompson et al., 2004; Vezzulli et al., 2010) . Beside Vibrio splendidus, we detected other strains of potential pathogens of fish (Listonella anguillarum), crustaceans (V. penaeicida) and bivalves (Vibrio tapetis), which were associated with mass mortality events in some cases (Allam et al., 2002; Aguirre-Guzman et al., 2003; Planas et al., 2005; Pernet et al., 2012) . Optimal growth temperature is not known for most of the bacterial species here, but vibriosis in fish tends to occur at water temperatures above 15°C (Frans et al., 2011) .
The relative diversities of both macroparasites and Vibrionaceae correlated to the relative temperature differential between the two years, showing highest diversity differentials at larger temperature differences also when temperature was integrated over longer time periods. Along with the shifts in phenology of parasite life cycles and disease occurrence, we suggest that temperature may represent an important driver of parasite population dynamics, although they are buffered from direct environment by the host physiology (Paperna and Overstreet, 1981) .
And even if only a subset of parasites as well as opportunistic pathogens react to small changes in seasonal temperatures, shifts in life cycles and infection parameters can potentially have severe consequences for sensitive ecosystems.
We are aware that we based our results on the direct comparison between two years only, and that many other factors could have varied between years that could also contribute to the observed results. One such potential confounding factor in our data are the different sampling times between years giving parasites more time to accumulate in 2012 due to later sampling. While integration over summed temperatures preceding sampling dates gave qualitatively similar results, we cannot completely disregard the effect of time here. However, temporal differences between sampling time points will mainly affect long-lived macroparasites that continuously infect hosts, while bacterial populations react much faster to environmental conditions. Furthermore, if only time has an effect on macroparasite accumulation we should have observed increased infection rates for all macroparasite species and not mainly for those that have been shown to adjust their life cycle to temperature (e.g. trematodes, see Sankurathri and Holmes, 1976; Mouritsen, 2002; Thieltges and Rick, 2006) . As consequence, we have to be cautious in deriving generalities from these data. However, we think that the potential involvement of small and short temperature changes in shifting phenologies of host-parasite interactions deserve Fig. 7 . Intensity and temperature differentials of macroparasites separated by fish species and parasite groups. Solid lines represent significant relative temperature effect on relative parasite intensity, whereas dashed lines represent non-significant relative temperature effect on relative parasite intensity. Statistical significance level at P = 0.05. more attention in the near future. In addition, comprehensive longterm studies should be designed and conducted to identify other potential drivers and the timing of parasite infection patterns in coastal ecosystems.
Conclusion
The results of this study imply that parasitism is a common phenomenon in three-spined stickleback, Atlantic herring, European sprat and lesser sand eel of the Northern Wadden Sea and that water temperature might potentially influence the infection parameters in parasite communities of small fish. Next to increased diversities of infectious species due to short periods of elevated water temperatures, we found that warmer spring temperatures might have resulted in a forward shift and extension in peak prevalence and mean intensity of trematodes. These results may indicate that even small changes in seasonal temperatures might affect the phenology of parasites as well as opportunistic pathogens, potentially leading to far reaching consequences that need to further investigations, especially in sensitive ecosystems like the Wadden Sea.
